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Scales of urine acidification: Apical membrane-associated particles in
turtle bladder. Since the time of Smith, studies of urinary acidification
have shifted their focus to ever smaller scales and have revealed iterative
patterns or organization. For this review we focus on the organization of
intra- and submembrane particules at the scale of the apical cell mem-
brane of the H secreting, a intercalated cells. Particles were examined
quantitatively by thin section and freeze-fracture (FF) electron micros-
copy. Ongoing studies in turtle bladder indicate that the density of
submembrane particles (studs) per jsm2 is approximately the same as that
of spherical units (SPUs) forming linear (rod-shaped) arrays on FF. This
one-to-one relationship is observed in the presence or absence of CO2 and
suggests that C02-induced changes in H secretion do not involve
dissociation of the intramembrane (channel) and cytoplasmic (catalytic)
parts of the H-ATPase. Structure-function studies based on density
estimates of the particles, morphometry of the H secreting cell popula-
tion, and measurement of H transport rate prior to fixation permit
functional correlation across scales of study.
In 1959 Homer Smith opened a New York Heart Association
symposium on salt and water metabolism with a session on the
theoretical aspects of biological solutions and semipermeable
membranes [1]. After his lecture, "A Knowledge of the Laws of
Solutions , he introduced three physical chemists who pre-
sented new concepts on the behavior of electrolytes and proteins
in solution and at the plasma membrane, which at the time was a
rather mysterious entity to most biologists. One of the physical
chemists, Mauro was asked to extrapolate from the lipid structure
to the transport of water and electrolytes [2]. He emphasized that
the membrane had to be considered a highly ordered structure,
and that if one accepted the arrangement in the membrane of
closely packed lipids, it would follow that there had to be areas
with pores or channels.
The second session of the symposium was also remarkable in
that it dealt with experimental studies of individual nephron
segments rather than with the entire kidney. It also introduced the
newly recognized functions of the collecting duct.
The excitement of the fundamental studies at the membrane
level and the shifts of focus from the whole kidney to the study of
individual tubules influenced a great many young investigators. It
set me (P.S.) off a few years later into a reductionist direction and
on a search for a urinary epithelium that would be simpler than
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the kidney and would be suitable for studying urinary acidification
at a cellular level.
Scales of study
For this symposium honoring the centennial of Smith's birth, we
shall describe some structure-function studies of the apical cell
membrane of the a intercalated cells of turtle urinary bladder, the
preparation we adopted in 1965. At this scale of study, it is
possible to make H transport measurements in a traditional
Ussing chamber and then to study the tissue by different methods
of electron microscopy (EM) to identify intra- and submembrane
particles related to the H pumps. Before addressing some of the
questions that need to be answered, I shall attempt to place this
scale in the overall context of urinary acidification by the kidney
and describe the shifts in focus that have occurred since Smith's
death in 1962.
Figure 1 shows these major shifts for the period from 1962 to
1992 based on a recent view [3] of the overall progression of
research in this field. In Smith's days, the experimental ap-
proaches were based on the principles of mass balance, that is,
balance studies and clearance studies. These had the advantage of
providing quantitative data within the context of a set of clearly
defined assumptions regarding the processes contained within the
kidney. The reductionist approach allows the researcher to select
the process that is most essential to the function of interest. By
isolating this function in a smaller system or model preparation,
one can get to the tubule segment or specialized cell that contains
the molecular machinery. This process of eliminating the extra-
neous structures and functions is shown on the left of Figure 1.
One of the problems associated with this approach is the discovery
of heterogeneity among tubule segments and among cell types. In
addition, certain phenomena one encounters at the cellular level
behave it' a highly nonlinear manner and thereby complicate the
analyses. Examples are, for our system of turtle urinary bladder,
the occurrence of endocytosis and exocytosis of apical cell mem-
brane [4—6]. Such changes in the apical area of cell membrane are
reflected directly in the number of proton pumps capable of
vectorial H transport. When the gas phase of the in vitro bladder
preparation is changed from CO2-free to 5% CO2. the total area
of folded apical cell membrane of a intercalated cells increases
three- to fourfold after one hour of CO2 exposure [6]. This
expansion of the apical membrane is associated with a redistribu-
tion of proton pumps to the apical cell membrane.
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Fig. 1. Reductionist approach to urina,y acidification. Scales of study from 1962 to 1992. Left. Shifts of focus to smaller scales. Right. Experimental
complexity estimated from primary variables (nv) considered. At the tubule scale, 1st curve represents in vivo micropuncture studies and 2nd curve to
right studies in isolated perfused tubules. Return from reductionist process to whole system is not a simple reversal. Abbreviations are: Ch, channel;
CAT, catalytic domain of H-ATPase; RA and RV, renal artery and vein; U, ureter. From Steinmetz [3} with permission.
Fig. 2. Freeze-fracture electron micrograph of 2 microplicae of an a intercalated cell. Rod-shaped intramembrane particles on P face. Most particles are
made up of 2 spherical units (SPU5). A few SPUs occur as singlets or triplets (magnification X 128,000).
Intramembrane particles at apical membrane
For this occasion we present some recent studies on the apical
membrane organization of particles detectable by EM and refer to
ongoing morphometric studies [71. The densities of two sets of
particles were compared to clarify their relation to each other and
to determine whether they are part of the apical H pump
complexes which are thought to represent vacuolar H-ATPase
molecules. The first set of particles is visualized by freeze-fracture
EM. These particles are intramembrane rod-shaped structures
observed in certain carbonic anhydrase-containing (CA) cell
populations which transport Ht Orci et al [81, Wade [9] and
Stetson and Steinmetz [10] described such particles in the a
intercalated (or a CA) cells in toad and turtle bladder, Rod-
shaped particles (RSP) are usually made up of two (sometimes 3)
spherical units (SPU) of identical size. Some of the SPUs occur by
themselves as singlets. The SPU, whether by itself or in a linear
array of two or three, is the predominant particle on freeze-
fracture replicas of the protoplasmic face of the apical membrane
of the a intercalated cell (Fig. 2). SPUs (and RSPs) are also
present on the P face of many of the subapical vesicles seen under
low CO2 conditions. They are absent from the basolateral cell
membranes of the a cells and from any of the membranes of
granular cells. The ultrastructural details of the SPUs, however,
remain hidden because of the limited resolution of this method
which depends on platinum- carbon replicas. Aside from this
limitation conventional freeze-fracture results are quite reproduc-
ible and permit morphometric comparisons with the second set of
particles.
Submembrane particles
The second set of particles is visualized at high magnification by
thin section EM. These particles coat the underside of the apical
membrane. They are submembrane rather than intramembrane
particles and project into the cytoplasm. They resemble stalked
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Fig. 3. Thin-section electron micrograph of
microplicae of an a intercalated cell. A. The cell
membrane is cut perpendicularly in several
areas. When both leaflets of the bilayer are
defined, the cytoplasmic leaflet reveals a
coating with studs. B. Further photographic
magnification (about twofold) of inset area of
A. Note stalked spheres projecting into
cytoplasm. Studs represent the cytoplasmic
domains of the H-ATPase (magnification A
X140,000; B X270,000).
spheres or studs. In turtle bladder the two types of particles are
always observed at the same H-transporting cell membranes as
reported by Stetson and Steinmetz [6, 10] and as confirmed in our
current studies. Brown, Gluck and Hartwig [11] explored the
structure of the subapical studs by fracturing toad bladder inter-
calated cells just below the apical cell membrane. They showed in
their preparation a densely packed field of studs, about 16,800
studs/tm2. They also demonstrated that this subapical region with
studs reacted strongly to antibodies against the 70 and 56 kDa
subunits of bovine vacuolar H-ATPase. These and other studies
[12, 13] in the collecting duct provide strong evidence that the
studs represent cytoplasmic components of vacuolar ATPase
related to its catalytic function.
Unresolved structure.function issues
Previous morphometric studies of bladder segments that were
fixed in Ussing chambers after their H transport rates had been
recorded, provide us with rates per unit area of a cell apical
membrane as well as per RSP or SPU [6—10]. In the absence of
knowledge of the precise nature of the SPU, this information is of
limited value. Since SPU particles on platinum replicas are
relatively large, 10 to 12 nm in diameter, they could represent the
channel portion of more than one ATPase molecule, that is, a
dimer or tetramer. The transport rate per pump, therefore, might
range from some 25 H ions per second for a tetramer to some
100 H ions per second for a monomer. A related issue is the
possibility that the transmembrane portion of the H-ATPase
may dissociate from the cytoplasmic portion in response to
physiologic forms of inhibition. When the channel portion (Vt,) of
vacuolar ATPase is dissociated from the V1 portion (catalytic
domain) the channel no longer conducts protons [14, 15]. Such a
dissociation, therefore, could be a way to hold these components
in reserve without causing a passive leak. The last issue deals with
possible density changes of pumps during endo- and exocytosis of
membrane vesicles.
Density of studs and SPUs at the apical cell membrane
Brown, Gluck and Hartwig [11] were able to obtain rapidly
frozen regions of the underside of the apical cell membrane by a
shearing method. They measured the density of studs on the
cytoplasmic face of mitochondrial-rich cells of toad bladder. The
stud density of their sample was about 16,800 per .tm2 of
membrane, a near-maximal value for the packing of hexagonal
studs of 9.5 nm diameter.
In recent studies in our laboratory [7], we were able to improve
the contrast and magnification of thin section electronmicro-
graphs of turtle bladder apical membrane so that it became
possible to obtain stud counts per unit length of apical membrane.
Figure 3 shows a stretch of apical, microplical membrane. The two
microplicae at the top (Fig. 3A) reveal the bilayer that is cut
perpendicularly in several regions. Such regions of perpendicular
section reveal the stalked spheres on the cytoplasmic side of the
bilayer. The boxed area is further enlarged (about 2X) at the
bottom (Fig. 3B).
Stud counts were carried out along membrane segments with
distinct bilayers where the stalked spheres were well defined. The
density of studs was expressed per im2 of membrane area after
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correction for the shrinkage (about 12%) occurring during fixa-
tion and subsequent processing. Average stud densities were
obtained for 54 intercalated cells from membrane segments that
met requirements and were counted on multiple micrographs for
each cell. The stud density per tm2 of apical cell membrane was
3,909 352 (SE) in four bladders (29 a cells) at 5% CO2 and 3667
448 (SE) in the paired halves without CO2 (25 a cells) as
reported by Kohn et al [7]. Corresponding densities of SPUs
counted on freeze-fracture replicas of apical membranes of the
same bladders were 3941 545 at 5% CO2 and 3599 511 at
zero CO2.
Discussion and summary
The similarities of the densities of studs and SPUs (3909 vs.
3941 per m2 at 5% CO2 and 3667 vs. 3599 at zero C02) suggests
that each SPU within the membrane is matched by one stud
projecting into the cytoplasm. The existence of such a one-for-one
relationship is also supported by the pattern of interspaces
between studs which is consistent with variations that would result
from random sections across a P face with SPUs.
Although the precise molecular structure of SPUs remains to
be clarified, these morphometric studies indicate that one SPU
serves one cytoplasmic H pump and most likely provides a
channel function. The rate of H translocation through such a
stud-SPU complex would be of the order of 100 H per second.
The second conclusion from these studies is that short-term
CO2 changes cause large changes in apical membrane area
consistent with previous studies [6] and only minor changes in the
densities of SPUs or studs. There was no evidence of dissociation
of studs from SPUs. The actual densities of SPUs and studs were
submaximal compared to those observed in toad bladder by
Brown et al [11]. Adaptive responses with a slower time course
may be required to demonstrate larger changes in these densities.
To return to our scale of study (Fig. 1) at the apical cell
membrane of the intercalated cells, both sets of particles are H
pump-related and represent units of function. Their organization
resembles that observed at the larger scales where H secreting
cells or specialized tubule segments serve as the units of urinary
acidification.
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